The rate of Cl secretion by human airway epithelium is determined, in part, by apical cell membrane Clconductance. In cystic fibrosis airway epithelia, defective regulation of Cl-conductance decreases the capability to secrete ClF. Here we report that extracytosolic ATP in the luminal bath of cultured human airway epithelia increased transepithelial Cl1 secretion and apical membrane Cl-permeability.
mechanism that requires no identified soluble second messengers and is insensitive to probes of G protein function. These results demonstrate a mode of regulation of anion channels by binding ATP at the extraceilular surface. Regulation of ClF conductance by external ATP is preserved in cystic fibrosis airway epithelia.
A normal function of airway epithelia is modulation of the volume and composition of liquid at the interface between air and the mucosal surface. The regulation of ion channels in the apical membrane of airway epithelial cells appears important for this function. In cystic fibrosis (CF), for example, defective cAMP-mediated regulation of Cl-channels in airway epithelial cells (1-3) may limit the capacity to secrete Cl-and contribute to the formation of viscous, underhydrated mucus (4, 5) that obstructs the airways of patients with this disease. Recently, we and others reported that regulation of Clconductance by intracellular Ca2l is functional in CF airway epithelia (6, 7) . Thus, approaches to bypass the cAMP regulatory defect in CF could include stratagems to raise intracellular Ca2l activity.
One means of modulating intracellular Ca2" activity is through external receptors on airway epithelial cells. Earlier we demonstrated receptors on the surface ofairway epithelial cells for bradykinin, histamine and nucleotides that activate phospholipase C and raise intracellular Ca2l activity (8) . We also found that ATP receptors in the apical cell membrane regulated Cl-secretion (9) . Here, we have determined that the Cl-secretion induced by ATP exposure of the luminal surface of airway epithelia is from activation of apical membrane Cl-conductance. With excised patch-clamp techniques, we have found that the effect of luminal ATP may be mediated, in part, by direct stimulation of anion-selective channels.
MATERIALS AND METHODS Solutions and Drugs. Cultured human airway epithelia for Ussing chamber and microelectrode studies were bathed in a Kreb's bicarbonate Ringer (KBR) solution that contained 140 mM Na', 120 mM Cl-, 5.2 mM K+, 25 mM HCO3, 2.4 mM HPO2-, 0.4 mM HPO , 1.1 mM Ca2+, 1.2 mM Mg2+, and 5.2 mM glucose. Na+ salts were replaced by N-methyl-Dglucamine or tetraethylammonium chloride in Na'-free, C1--replete KBR solution or by potassium gluconate in high-K+, low-C1-KBR solution. The basic patch-clamp solution contained 140 mM Na', 142 mM C1-, 1 mM Mg2', and 5 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), pH 7.4. Ca2+ activity and other modifications are described in the figure legends. 5-Nitro-2-(4-phenylpropylamino)benzoic acid (NPPB) was provided by Reiner Greger (Freiburg, F.R.G.). Nucleotides were purchased from Boehringer Mannheim. Amiloride and 4,4'-diisothiocyanatostilbene (DIDS) were purchased from Sigma.
Cell Culture. Human airway epithelial cells were disaggregated from surgical specimens, isolated, and cultured on permeable collagen supports as described (10) . Some patchclamp studies were done on cells grown on collagen-coated glass coverslips under the same conditions. Ussing Chambers. Polycarbonate Ussing chambers, of otherwise conventional design, were milled to fit the plastic cups that supported the permeable collagen matrix upon which the cells were grown. The short circuit current (Isc) or transepithelial potential difference was measured with a voltageclamping device (UNC Electronics, Chapel Hill, NC) and plotted on a strip chart recorder. Pharmacologic probes were diluted from stock solutions into the luminal bath. Drug responses were measured as the difference between steadystate ISc measured before drug exposure and the new steady state reached within 1-4 min after exposure.
Microelectrode Studies. Double-barreled Cl--selective microelectrode techniques have been described in detail (11) .
Transepithelial current pulses (1, 1-10 kLA for 0.5 s) were applied every 6 s, and the resulting deflections of Vt were measured to calculate transepithelial resistance (Rj) or conductance (Gt) as Rt = 1/Gt = AVt/I.
[1]
Equivalent short-circuit current (Ieq) was calculated from the equation
[2] Ieq = Vt * Gt All impalements were perpendicular to the surface of the cell cultures. The fractional apical membrane resistance (fRa) was calculated as fRa = Ra/(Ra + Rb) = AVa/AVt [3] where Ra and Rb are resistances of the apical and basolateral membranes, respectively. 
RESULTS AND DISCUSSION
Cl-secretion was measured as 'Sc, in cultured normal human airway epithelia pretreated with amiloride (1, 13, 14) . Luminal ATP stimulated a sustained increase in current that was preceded in some experiments by a transient peak (Fig. lA) . The Cl-current evoked by ATP was inhibited by a Clchannel blocker, NPPB (15) . The relationship between maximum increase in current and ATP concentration (Fig. 1B) yields an ED50 of 44 g.M, a value typical of receptor-mediated actions of ATP in solutions containing several millimolar Mg 2+ (16) (17) (18) . The change in I,, with 100 j.&M ATP represents a 60%6 increase in ClP secretion.
The current induced by luminal ATP was associated with depolarization of the apical membrane potential (V5) and decreases in fRa and Rt (Fig. iC) . In amiloride-pretreated human nasal epithelium, these changes are consistent with a doubling of apical membrane Cl1 conductance and contrast to the pattern of electrical changes (hyperpolarized V. and increased fla) induced by the well-studied Cl-secretogogues histamine and bradykinin (8) . These -effects of ATP on V. and fR5 were not sensitive to substitution of N-methyl-Dgiucamine (19) (n = 3) or tetraethylammonium (20) (n = 4) for Na' in the luminal solution, indicating that ATP did not activate Na' or nonselective cation' conductances (16) . Fig.  2) . Nonetheless, the changes in channel kinetics induced by ATP are striking. At 40 mV, the overall increase in P0 is from a 50% decrease in time the channels spent in the inactive state, and P0 within bursts was unaffected (Fig. 2B) . These effects could represent a different mode of gating (23, 24) or mixed kinetics of activation and blockade (25) . At a membrane voltage of -40 mV, near in vivo physiologic voltage, the increase in P0 evoked by ATP was from increased MOT; no change occurred in MCT (Fig. 2A) used outside-out membrane patches and sequential exposures to ATP and other nucleotides or nucleosides to study the role of such receptors in the ATP-induced increase in ORCC PO. Although the characteristics of ORCC in this patch-clamp configuration had not been reported, we observed single-channel properties similar to published data from inside-out patches (15, 21) (Fig. 3A) . The strong rectification of the channel verified the outside-out patch-clamp mode. In experiments like the one depicted in Fig. 3B , PO was increased by 100 ;M ATP (364 + 86% ofcontrol, n = 10), and the effect was reversed by washing. In similar experiments, this reversible effect was observed with the poorly hydrolyzed analog adenosine 5'-[y-thio]triphosphate at 100 uM/ liter (272 ± 62%, n = 8). Thus, the action of ATP on ORCC is unlikely to require conversion of ATP to another form (28) .
Fig . 3B shows that 500 ;LM adenosine had no effect on ORCC PO (104 ± 4%, n = 3), although subsequent exposure of the channel to 100 uM ATP again increased PO. Kinetic recorded from the same outside-out patch, which never displayed a second channel. Voltage of the membrane was 60 mV throughout. ATP and adenosine were added to the bath solution. ATP was washed out by a 5x change of bath volume (1 ml). Continuous blocks of data (2-2.5 min) after the indicated change in bath solution were analyzed for PO as described for Fig. 2 .
Ca2' activity on ATP stimulation of ORCC, which was routinely observed with both pipette and bath solution Ca2' activity buffered to 10 nM (Figs. 2 and 3) . The effect of ATP was not enhanced by higher Ca2' activity (1-1000 ,uM; data not shown) or lessened by the Ca2' chelators EGTA (5-10 mM, n = 4) and bis(2-aminophenoxyethane-N,N,N',N'-tetraacetate (BAPTA) (1 mM, n = 3). Although signal transduction involving G proteins and intracellular Ca2' would contribute to the ATP-evoked Cl-secretory response of the intact tissue, there is no readily apparent role for guanine nucleotides or Ca2' in the action of external ATP on ORCC in excised patches.
Activation of Cl-conductance by P2 receptors on the apical membrane constitutes a previously unrecognized means of modulating airway epithelial Cl-secretion. This regulation mode appears preserved in CF airway epithelial cells. Both Cl-secretion (Fig. 4A) and PO of ORCC in excised CF cell membrane patches (Fig. 4B) were increased by 100 Our experiments identify ORCC as a Cl--conductive element acted on by ATP in excised membrane patches. Previous reports implicated ORCC in defective cAMP regulation of Cl-conductance in CF airway epithelia (33) (34) (35) (36) . However, the role of ORCC in epithelial Cl-secretion has been recently questioned in light of cloning and expression of CF transmembrane regulator (37, 38) . A cAMP-activated, 8-pS, linear Cl-channel has been reported in cell-attached patches of T84 cells (39) , which appears to match the characteristics of cAMP-dependent whole-cell Cl-currents in heterologous cells expressing high levels of CF transmembrane regulator (37, 40) . To complicate the issue further, ORCC is generally recognized not to be detected frequently in cell-attached membrane patches. However, even though the precise nature and relationship of all epithelial Cl-channels has not been resolved, several explanations for our observation that external ATP activates ORCC exist. (i) ORCC could be an excised patch derivative of the smaller cAMP-dependent channels seen in cell-attached membrane patches. This explanation seems unlikely, given the markedly different conductance, kinetics, voltage dependence, and anion selectivity of the two channels. (ii) ORCC could be the channels associated with Ca2+-activated Cl-conductance. Although ORCC are not regulated by Ca2+ activity in excised patches, Ca2l-dependent processes could regulate a Cl-channel, perhaps with different conductive properties, in intact cells (41) . (iii) ORCC could be a distinct component of apical membrane Cl-conductance that is specifically regulated by extracellular nucleotides.
One approach used to relate single-channel behavior to macroscopic currents is inhibitor sensitivity. Ward et al. (38) showed inhibition of ORCC by DIDS acting at the external surface of excised membrane patches. We reasoned that if ORCC were related to the conductive element involved in ATP-stimulated Cl-secretion, then DIDS should inhibit the Cl-secretion induced in primary cultures of human nasal epithelia by ATP. The results in Fig. 5A confirm this expectation. DIDS, added to the mucosal bath during the plateau of ATP-stimulated Cl-secretion, inhibited the stimulated current with an ED50 of 500 ,uM (Fig. SB) . This was specific for the ATP-induced current because 500 gM DIDS had no effect on basal or cAMP-stimulated Cl-secretion and had no effects when present in the submucosal bath (data not shown). In outside-out membrane patches, external ATP increased patch current, and this current was blocked by DIDS ( Fig. 5 C and D) (27) . Our results demonstrate a related mode of regulation for an airway epithelial Clchannel. The recent report that in vivo superfusion of ATP on nasal mucosa of normal and CF patients induces bioelectric changes consistent with Cl-secretion points to a potential therapeutic application for agents that can modulate C1-conductance through purinergic receptors (45) .
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